The electronic music synthesizer is a machine that produces music from a coded record. The coded record is produced by a musician, musical engineer, or composer with a fundamental understanding of the composition of sound. The electronic music synthesizer provides means for the production of a tone with any frequency, intensity, growth, duration, decay, portamento, timbre, vibrato, and variation. If these properties of a tone are specified, the tone can be completely described. The advantage of the electronic music synthesizer is that it can produce new and radical tone complexes for musical satisfaction and gratification. The new system does not displace the artist and musician of today. It does not take the place of talent combined with work. The electronic music synthesizer provides the musician, musical engineer, and composer with a new musical tool with no inherent physical limitations.
INTRODUCTION
USIC is the art of producing pleasing, expressive, or intelligible combinations of tones. The sounds of original music are produced by the human voice or by an instrument actuated by a musician. Most music is recorded and translated into sounds by means of a symbolic notation on paper. The ultimate objective destination of all musical sounds is the human ear.
Thus the production of music consists of the following processes' The symbolic notation upon paper by the composer, the translation of the symbolic notation into musical sounds by the musician, employing either his own voice or a musical instrument or both, and the actuation of the human hearing mechanism by the musical sounds.
The physical properties of a sound are frequency, intensity, wave form, and time. The psychological characteristics of a sound which depend upon the physical properties are pitch, loudness, timbre, and time. Every sound in nature may be described in terms of these attributes of a sound or tone.
Once a sound or a tone has been described by means of the above characteristics, it is possible to generate or produce this tone by electronic means. Thus it will be seen that it is possible to generate any tone produced by a voice or a musical instrument by employing an electronic system. In addition, it is possible to produce musical tones which cannot be produced by the voice or conventional instruments. In other words, the process of translating the musical notation on paper into the corresponding musical sounds can be accomplished by an electronic system. Furthermore, the electronic system can reproduce or create any sound or combinations of sounds, which have or have not been produced, that may have any possible musical significance. The electronic system for the production of musical sounds has been termed an electronic music synthesizer.
One of the uses for an electronic music synthesizer is for the production of phonograph records. Of course, the phonograph records thus produced can be played in the conventional manner. The use of a synthesizer for the production of musical sounds opens an entirely It is the purpose of this paper to describe an electronic music synthesizer capable of producing any predetermined musical tone and any combination of series of musical tones combined with a system for translating the symbolic notations of a musical composition into the corresponding tones and means for recording these sounds on a phonograph record. tone can be completely described. The electronic music synthesizer described in this paper is based upon the breakdown of a tone into these characteristics. Therefore, it appears appropriate at this point to define the properties of a musical tone.
Frequency--Pitch
Frequency of a sound wave is the number of cycles occurring per unit of time.
Pitch of a sound wave is the psychological counterpart of frequency. The pitch of a sound is that attribute of auditory sensation in terms of which sound may be ordered on a scale extending from low to high, such as a musical scale. Pitch depends primarily upon the frequency of the sound stimulus, but it also depends upon the sound pressure and wave form of the stimulus.
In order to take full advantage of the frequency range of the human hearing mechanism, the electronic synthesizer should cover the entire audible frequency range of 30 to 15 000 cycles as shown in Fig. 1 .
Intensity--Loudness
The sound intensity in a sound field in a specified direction at a point is the sound energy transmitted per unit of time in a specified direction through a unit area normal to this direction at the point.
Loudness of a sound is the psychological counterpart of intensity. Loudness is the intensity attribute of an auditory sensation, in terms of which sound may be ordered on a scale extending from soft to loud. Loudness. depends primarily upon the intensity of the stimulus, but it also depends upon the frequency and wave form of the stimulus.
In order to take full advantage of the intensity range of the human hearing mechanism, the electronic music synthesizer should cover a volume range of 0 to 120 decibels (Fig. 1) . In general, the lower 20 decibels of this range is of little practical significance because sounds in this intensity range are masked by the ambient noise level which exists in all conventional living rooms, halls, and theaters.
Duration
Duration is the length of time that a note persists or lasts without interruption or discontinuity in the sound output (Fig. 1) . From the standpoint of the duration of a tone, musical instruments may be classified as follows: fixed duration, variable but fixed maximum duration, and unlimited duration.
The electronic music synthesizer should be capable of producing all these variations of the duration of a tone.
Growth and Decay
The growth of a tone involves the time required for the sound to build up to some fraction of the ultimate value (Fig. !) . The decay of a tone involves the required time for the sound to fall to'some fraction of the original intensity (Fig. 1) . Most of the growth and decay characteristics of musical instruments are exponential functions.
The electronic music synthesizer should be capable of producing any desirable growth or decay characteristic. The electronic synthesizer is not limited to an exponential function but can produce almost any type of growth and decay characteristic. For example, it appears that linear growth and decay characteristics are more pleasing in some cases than the exponential type. This can be achieved by electronic means but not by a natural vibrating system.
Frequency Glide--Portamento
Portamento is a special case of frequency, growth, and decay in which the passage from a tone of one frequency to a tone of another frequency takes place in a continuous glide through all the intervening frequencies.
The electronic music synthesizer should be capable of gliding from one frequency to another frequency.
Wave Form--Timbre A complex sound wave or tone is made up of the fundamental frequency and overtones. The timbre of a tone is expressed in the number, intensity, and phase relations of the components, that is, the fundamental and overtones. Timbre then may be said to be the instantaneous cross section of the tone. For practical considerations timbre is the tonal spectrum. A spectrum graph is shown in Fig. 1 . The relative amplitudes of the components of the resultant tone are depicted as a function of the frequency. The heights of the vertical lines are proportional to the amplitudes of the fundamental and the overtones. The position along the abscissa determines the frequency.
The electronic music synthesizer should be capable of producing a tone of any spectrum together with means for changing this spectrum during the sounding of the tone.
Low-Frequency Modulation--Vibrato
Vibrato is a term to designate primarily a frequency modulation of a musical tone (Fig. 1) . The vibrato is accompanied by an amplitude modulation (Fig. 1) . In some cases the frequency and amplitude modulation is accompanied by a variation in the timbre at the modulation frequency. The vibrato is used as an artistic embellishment in the voice and in a large 
Irregular Deviation
One of the beautiful and artistic characteristics of some types of music is the lack of a mechanical quality of the rendition. Unless specific steps are taken in the rendition of some musical selections by means of the electronic music synthesizer, the result will be too regular and, therefore, inartistic. Therefore, means must be provided in the synthesizer to obtain a deviation from the regular when this is desired. Of course, there are many instances where the performer cannot obtain the required mechanical quality which is desired. In these cases, the synthesizer is, of course, far superior. It can also be superior for the cases where random effects are desired, because the results can be made even more random than is possible by human means, as for example, by the use of the random nature of thermal noise to control the random effects.
SYNTHESIZER REQUIREMENTS
From the preceding section it is evident that in order to synthesize any musical tone whatsoever, the synthesizer must provide the following facilities. Means for producing a tone with any fundamental frequency within the audio-frequency range; means for producing a tone with any overtone structure; means for producing a tone of any growth, duration, or decay characteristic; means for changing the overtone structure at any time; means for introducing a vibrato; means for changing the intensity of the tone; means for providing a portamento or glide from a tone of one frequency to a tone of a different frequency; means for providing a deviation from the regular. It is the purpose of the section which follows to describe an electronic music synthesizer satisfying the above requirements.
A schematic block diagram of an electronic music synthesizer with means for producing all the characteristics of a musical tone outlined above is shown in Fig. 2 . The coded paper record controls all the functions of the electronic music synthesizer. The output of the synthesizer is recorded on a disk record. The coded paper record and the phonograph recorder are driven in synchronism by an interconnecting cable drive. In the complete electronic music synthesizer two complete channels, as shown in Fig. 2 possible for the coded paper record to set up one channel while the other channel is in operation and producing a tone. Furthermore, one channel can start playing a tone before the other channel stops playing a tone. Everything is duplicated in the second channel except the twelve tuning fork oscillators which supply the tones in one octave. It is the purpose of the sections which follow to describe the elements of the electronic music synthesizer shown in Fig. 2 .
FREQUENCY SOURCE
The first requirement in a synthesizer is the generation of the fundamental frequency. The fundamental frequency source in the electronic music synthesizer consists of twelve electrically driven tuning forks with frequencies corresponding to an octave in the equally tempered scale. The use of an electrically driven tuning fork makes it possible to maintain the fundamental frequency to an accuracy of better than one part in ten thousand or one-eighth of a cent, a cent being one twelve-hundredth of an octave.
A schematic circuit diagram of the combination tuning fork and electronic oscillator is shown in Fig. 3 to the motion. The input and output coils of the tuning fork are electronically coupled to a vacuum tube system to provide the resonant element of the oscillating system. The tuning fork is housed in an evacuated chamber to reduce the damping effects which would be introduced by surrounding air. The twelve tuning forks cover the octave from Fs• to F6. The frequencies in this octave for the equally tempered scale are shown in Table I .
In order to reduce the number of contacts required to select the proper frequency in an octave, a binary coding system is used as shown in Fig. 4 . This binary coding employs a relay tree which makes it possible to select any one of the twelve frequencies by means of four circuits in the master control system. The code for the frequencies in this octave is shown in Table II The storage system in the electronic music synthesizer is a punched paper tape record 15 inches in width. The punched paper record stores all the information on frequency, growth and decay, duration, volume, timbre, vibrato, portamento, and deviations. See Fig. 5 . The two edges of the paper are provided with sprocket holes which engage teeth in the metal driving drum and thereby insures a positive drive of the paper record. The drum is driven by the turntable motor so that the drum and turntable move in synchronism. The holes in the paper are punched by means of the keyboard system shown in Fig. 5 . The brushes make contact with the drum through holes punched in the paper at appropriate locations. The paper may be moved at a speed of from 2 to 8 inches per second. A detailed description of the coded paper record will be given in a later section of this paper.
In addition to the twelve frequencies in the equally tempered scale, it is possible to employ three additional sound sources in the four circuits in the master control system as shown in Fig. 4 . One of these sources is a random noise source.
Random noise is useful as an addition in simulating such instruments as drums, maracas, tambourines, and string and wind instruments. When used with band pass filters with a narrow frequency pass band, the noise source can be used to produce weird and unusual sounds. A schematic circuit diagram of the random noise source is shown in Fig. 6 . The source of noise is hot cathode triode gas tube. The supply voltage to the noise is kept at a constant value by the cold cathode gas tube. The output of the noise tube is Fro. 5. Photograph of the punched paper record, the keyboard punches, the brushes, and the paper drive mechanism.
amplified by a conventional three-stage resistancecoupled amplifier. The frequency output of the noise amplifier is random with a power distribution per cycle which is independent of the frequency.
OCTAVE SELECTOR
The tuning fork oscillator covers fundamental frequencies in an octave of the equally tempered scale. 
GROWTH, DECAY, AND DURATION CONTROL
The time required for a tone to build up to some fraction of its ultimate value varies over a wide range in different musical instruments. For example, in the plucked and struck string instruments and practically all types of percussion instruments the buildup time is relatively short. On the other hand, the buildup time of an organ pipe is relatively long. The time required for a tone to fall to some fraction of its original intensity varies over a wide range in different musical instruments. The growth and decay characteristics of a tone influences the character of a tone to a very marked degree. In practically all conventional musical instruments the growth and decay characteristics are exponential functions.
For example, in the growth of a tone, the sound pressure p, in dynes per square centimeter, produced by a musical instrument is given by p=p0(1-e-kt), where p0 is the ultimate or steady-state sound pressure, in dynes per square centimeter, k is the constant of the instrument, and t is the time in seconds. In the decay of a tone, the sound pressure p, in dynes per square centimeter, produced by a musical instrument is given by p=Poe -kt, where po is the sound pressure, in dynes per square
Fro. 11. Schematic diagram ooe the electronic system for producing the growth and decay of a tone. fore, the over-all amplification of these tubes varies in at low rate and in a function which approximates a saw tooth. Under these conditions the resultant output is an amplitude wave-form modulation of the incoming audio wave with a large number of side bands equally spaced with respect to frequency. The modulation is of the order of 6 to 7 cycles per second.
TIMBRE CONTROL
The timbre of a tone depends primarily upon the overtone structure of the tone. In order to obtain tones of different overtone structures, means must be provided in the synthesizer for varying the overtone structure of any tone produced by the synthesizer. One of the most effective frequency discriminators is the combination of a high and low pass filter system with variable cutoff. A schematic diagram of a high and low pass filter system is shown in Fig. 19 . The response frequency characteristics obtainable with this filter system are shown in Fig. 20 . A few typical examples of the effect of the high and low pass filter system upon the spectrum of a saw tooth wave having a fundamental frequency of 440 cycles is shown in Fig. 21 . It will be seen that the fundamental and lowfrequency components can be attenuated and the effect of the higher order harmonics thereby accentuated. It will also be seen that the high-frequency components can be attenuated, thereby accentuating the fundamental and lower-order harmonics.
In addition to the simple discriminator described above, means must be provided in the electronic music synthesizer for accentuating single harmonics or group of harmonics and attenuating single harmonics or groups of harmonics. This type of accentuation or attenuation can be accomplished by means of the resonator chain shown in Fig. 22 . The circuit diagram of one element of the resonator chain is shown in Fig. 23 . It will be seen that this is a vacuum tube amplifier with a shunt resonant electrical network in the plate circuit of the vacuum tube. The two-stage amplifier employs voltage feedback so that the voltage output of the second tube will be practically independent of the impedance of the load. A typical response frequency characteristic of this amplifier shown in Fig. 23 is shown in Fig. 24 . Employing a chain of these amplifiers each tuned to a different frequency, it is possible to obtain all manner of overtone structures. Two typical examples of the effect of the resonator chain upon the spectrum of a saw tooth wave having a fundamental frequency of 440 cycles is shown in Fig. 25 . It will be seen that the fundamental, certain harmonics, or groups of harmonics can be eliminated by means of the resonator chain. This is equivalent to accentuating other harmonics or groups of harmonics. It will be seen (Fig. 5) that the punched record consists of rows of holes. Each row of holes passes under a brush. Each brush is equipped with several springs arranged so that the brush never breaks contact before making contact at the adjacent hole. Thus, a row of holes will provide continuous contact and at the same time give the same result as a slot in the paper. Slots cut in the paper will result in a very weak record that can be easily torn and with poor lateral rigidity.
A simple punched record for playing a phrase of "Home Sweet Home" is shown in Fig. 27 Fig. 27 , it will be seen that the coding on the left half is for one synthesizer channel and the coding on the right for the other synthesizer channel. Referring to the growth, duration, and decay coding, it will be seen that the notes are executed alternately by the first and second channel. For illustration purposes, Fig. 27 shows more changes in timbre, growth, decay, and volume than would be the case in this musical selection.
DISK PHONOGRAPH RECORDER
When the paper record has been punched and the various elements of the synthesizer have been set, the next step is a recording of the output of the synthesizer. The elements of the disk phonograph recording system are shown in Fig. 28 . A photograph of a part of the electronic music synthesizer including the disk recording system and the interconnected paper drum drive is shown in Fig. 29 . The recording system consists of a lateral cutter and a conventional 33« rpm turntable driven by a synchronous motor. The disk recorder is coupled to the paper drum drive by means of a flexible cable. In this way the paper record is synchronized with the disk record.
The synthesizer is purposely limited to the production of two simultaneous tones. The reason will be evident in the description which follows. In general, due to the characteristics of most musical sounds, the system is actually limited to a series of single tones. That is, the system can simulate any single wind instrument, such as a clarinet, saxophone, oboe, trumpet, etc., or one string of a string instrument, such as a guitar, violin, etc., or one finger playing of a keyboard instrument, such as a piano, accordion, organ etc. Thus it will be seen that in order to simulate an orchestra, each individual instrument must be coded and recorded separately and then the group of instruments combined. In the case of keyboard instruments, the number of There are many advantages in the above system as follows' Each individual synthesized selection is a separate entity and can be worked on until the operator is satisfied with the product. The levels of the individual selections can be adjusted until the optimum mixture is obtained. The individual recordings are always synchronized. Unlike a group of musicians, once a result has been obtained, it can always be duplicated.
COMPLETE ELECTRONIC MUSIC SYNTHESIZER
A block diagram of the complete electronic music synthesizer and disk recording system is shown in Fig. 2. A photograph of the complete system is shown in Fig. 32 . A photograph of the disk recording system, the keyboard, coded paper record, and cabinet racks one, two, and three, with some of the front panels removed, is shown in Fig. 29 . A "close-up" photograph of the keyboard and coded paper record is shown in Fig. 5 . A photograph of cabinet racks four, five, six, and seven, with some of the front panels removed, is shown in Fig. 33 .
RESULTS

OBTAINED WITH THE ELECTRONIC MUSIC SYNTHESIZER
The electronic music synthesizer has been used to produce simulations of the voice and existing musical instruments as well as entirely new musical tones which cannot be produced by the voice or existing musical 
Simulations of Wind Instruments
The work on simulating wind instruments includes air-, mechanical-, and lip-reed types of wind instruments. The essential difference between the different groups of instruments is the growth characteristics and the overtone structure. Therefore, it is a comparatively simple matter to simulate these instruments. However, considerable improvements in the tones can be produced by the electronic synthesizer because the wind noise can be eliminated and greater frequency ranges can be achieved. In the low-frequency instruments it is possible to obtain adequate fundamentals which are lacking in the bassoon, contrabassoon, and sarrusophone. In addition, much higher frequency ranges are possible than in the conventional instruments.
Simulations of Percussion Instruments
The work on simulating percussion instruments includes both the definite and indefinite pitch types. The tones produced by bells, orchestra bells, glockenspiel, and xylophone are objectionable for two fundamental reasons-first, because the strike tones are disagreeable and, second, because the overtones are not harmonics. These objectionable features are not present in the tones produced by the electronic music synthesizer. Drum type tones can be produced with definite pitch, as in the case of the timpani, but with a much greater frequency range. Drum type tones of the indefinite pitch can be produced ranging from the bass accompaniment. The time spent on this phase of synthesis has been very much less than on the instrumental simulations. Nevertheless, this work has shown that it will be possible to simulate any singing voice. The fidelity of the simulation will be limited only by the degree of perfection achieved in the analysis and synthesis.
Simulation of the Speaking Voice
The work on simulating the speaking voice includes the fundamental frequency ranges of both men and women. The work on synthesizing the speaking voice has been carried out to show the versatility of the synthesizer and to provide some practical data in the field of speech communication. For example, the work on speech has shown that intelligible speech can be synthesized from a very simple code, that is, 525 bits per second. Theoretically, the information could be transmitted on a channel with a frequency band width of 78 cycles and signal to noise ratio of 20 db.
Proof of Performance
The characteristics of a tone are known and have been outlined in the first part of this paper. From this fundamental knowledge and the characteristics and performance of the synthesizer, as outlined, it is not difficult to prove from theory what can be done with the synthesizer. However, to make a practical demonstration, it is necessary to train an operator or synthesist. In this connection, the music synthesizer is an entirely new genus of apparatus. Were it merely an improvement of existing species, immediate commercial applications would be evident. One of the uses foreseen for the music synthesizer is to make music for sale in the form of phonograph records. To make an artistic record, or a hit, novelty or technical excellence alone is not sufficient. There are other ingredients, many of which are intangible. However, the synthesizer will facilitate the production of such a hit. For example, the synthesizer can produce any kind of sound that can be imagined. Then if a person can image a hit, then the synthesizer will facilitate the production of the hit. The hit-producing attributes are not amenable to analysis in the acoustical laboratory, so this factor must be left out. To demonstrate the possibilities and performance of the synthesizer, an experiment was The synthesizer versions, completed on August 5, 1953, and the identical passages from the phonograph records were recorded on magnetic tape, intermixed, and played to various people. They were asked to tell which was synthesized and which was not. Interpreting the results by standard statistical methods, it can be said with 70 percent certainty that only one out of four persons can tell which is which.
It should be noted that this work was done with only the help of conventional equipment to aid in the analysis which is not as complete as demanded for synthesis; thus much of the work was done by cut and try. This points to an important feature of the synthesizer. Manual dexterity is not required. A synthesis once learned can be added to the fund of knowledge without further practice to be able to perform it. The ability of the synthesist is, therefore, always increasing.
If a composer has in mind what he wants to achieve, the effects can be obtained by means of the electronic music synthesizer, regardless of whether he can play a musical instrument or not. The composer or musician can produce the sound of any existing musical instrument as well as other sounds, regardless of whether they have ever existed. The results which the composer and musician wishes to achieve can be obtained and demonstrated as the music is being composed and played. Once a particular result has been obtained, it can be retained forever. Thus, it will be seen that the electronic music synthesizer provides a powerful tool for the composer or musician because he can reproduce or create any sound or combination of sounds which have or have not been produced, that may have any musical significance.
The foregoing experiment demonstrates the potential capabilities of the synthesizer in the ability to copy existing selections. For an acoustical engineer to copy the performance of famous artists in the matter of a few weeks shows the tremendous possibilities of the synthesizer. For example, it would be impossible for even a genius with no previous experience in playing a musical instrument to imitate all of these artists on these two instruments with the order of fidelity that was achieved. Thus, it seems quite obvious that a trained or professional musician could produce great musical renditions by means of the electronic music synthesizer.
APPLICATIONS OF THE ELECTRONIC MUSIC
SYNTHESIZER
Among the uses for the electronic music synthesizer is the production of phonograph records and other types of recorded music. The use of a synthesizer for the production of musical sounds opens a new field for the production of recorded sound. For example, there is the possibility of producing entirely new tone complexes and combinations which cannot be achieved in conventional musical instruments. Furthermore, in the case of conventional musical instruments the musician is limited to the use of ten fingers, two hands, two feet, and the lips, either separately or in various combinations, to perform the different operations. These limitations do not exist in the synthesizer.
The experiment in the preceding section illustrates another use for the electronic music synthesizer, namely, the rejuvenation of old recordings where the master is in poor condition. The old record can be analyzed and synthesized to produce a replica of the old record but without distortion or noise.
The experiment of the preceding section illustrates still another use of the electronic music synthesizer, namely, the production of new musical renditions synthesized to simulate the performance of an artist who has ceased to perform. Both voice and instrumental musical selections may be synthesized from an analysis of the style and structure obtained from information contained in recordings produced by the artist in times past. If the artist is alive, but is unable for physical reasons to perform, he can supervise the synthesis. In this way, because of the inherent physical versatility of the electronic music synthesizer, there is the possibility of obtaining artistic effects that he could not achieve even at the peak of his performance. If the artist is dead, the style and characteristics of the artist may be analyzed from his records and catalogued for use in simulating the performance of the artist by synthesis. The product of the electronic music synthesizer may be supervised and monitored by a musician to insure that authentic results are obtained.
There are many other uses for the synthesizer in the field of communication, but it is beyond the scope of this paper to outline all of the significant applications of the electronic music synthesizer.
Complete Synthesized Renditions of Musical
Selections
One use envisioned for the electronic music synthesizer is the production of music for sale in the form of phonograph records. In order to demonstrate further the potentialities of the electronic music synthesizer, complete musical selections were synthesized. A partial list of the synthesized musical selections, indicating the style of the rendition and the date on which the synthesis was completed follows' 
